INTRODUCTION
Most studies on liquid drop spreading have focused on nonvolatile liquid sessile drops for their simplicity both in experimental measurements and theoretical analysis. The occurrence of liquid evaporation is, however, inevitable. The affects of evaporation on the spreading and contact angle become very important for a more complete understanding of these processes. It has been found that evaporation can induce Marangoni-B6nard convection in sessile drops (ref. 1) . The fluid flow in the drop is attributable to the surface-tension mechanism from local variations in the surface temperature. The effect of convection in the drop on the wetting and spreading processes, however, is not clear. Flow in a small sessile drop takes place on a microscopic scale and cannot be viewed by eye. Although convective flow, if any, can be observed under a microscope by means of microparticle tracers, the field under investigation is inevitably intruded. Optical methods are the only nonintrusive means of visualizing flow in small fluid volumes. Both the Schlieren method and Mach-Zehnder interferometry, however, are unsuitable for visualizing flow motion in an evaporating sessile drop. The only useful optical method is shadowgraphy (ref. 2) . Shadowgraphy is the simplest of the optical visualizing methods, which is roughly sensitive to changes in the second derivative of the density of the field under investigation (ref. 3) . In a locally increasing density field, the fluid acts like a convex lens. In a decreasing density field, it has the effect of a concave lens. When turbulent motion occurs in the field, a fluctuating density creates a distribution of tiny convex and concave lenses that are continuously changing in shape and location. The effect has been utilized to investigate the internal convection in evaporat- can be measured directly from the top-view photograph shown in figure 3(a), or from its projected image that represented by the dark circle at the center of figure 3(b). However, the latter has a large error in reading because its small image was embedded in a much larger shadowgraphic image and, therefore, cannot accurately be measured. One of the advantages of the method described in this article is the ability to record the top view of the drop and its reflection-refracted shadowgraphic image synchronously. The internal convective flow field of the drop can be visualized while the contact diameter and contact angle is accurately measured, and, therefore, effects of the flow motion on the spreading can be determined. To convincingly prove that the reflection-refracted shadowgraphic image qualitatively depicts the internal flow convection in a sessile drop, a freon-113 drop seeded with an aluminum-powder tracer was tested with the hybrid optical system. Figure 5 shows an instant top-view photograph of the drop and its corresponding reflection-refracted shadowgraph.
Obviously, the tracer deformed the shape of the drop, causing different contact angles along the periphery, though the contact diameter still appears as a circle. However, the flow pattern depicted by the tracer in the direct photograph of the top view, shown in figure 5 (a), is qualitatively similar to the shadowgraph shown in where n is the refractive index of the liquid. The contact angle, 0, can be obtained by solving the simultaneous equations (2) and (3) .
Based on the sphere-cap approximation, the apex height of the drop h and the drop volume f2 can be expressed
The average evaporation rate of the drop, Wa,, is considered an important parameter to measure the evaporation strength and can be determined by (6) where f2, is the initial volume of the tested sessile drop and tris the lifetime of the drop. a short initial spreading period, the drops approximately maintain a constant contact-diameter for a brief period, the so-called spreading-evaporation balance stage, followed by a monotonic contraction, referred to as the evaporationdominant contraction stage. The spreading of an n-pentane drop, a cyclohexane drop, and many others exhibited the same characteristics. As shown in figure 7 , the spreading of the n-pentane drop deviates from the Dodge relation (dish line) after the short initial spreading period and further in time, especially after the thermocapillary convection occurs when the spreading-evaporation balance stage ends. Although the evaporation rate of a freon-113 sessile drop, W,,, = 0.126 lal/sec, is lower than that of an n-pentane sessile drop (Wa, = 0.229 lal/sec), the initial spreading stage of a freon-113 drop is much shorter than that of an n-pentane drop. Additionally, no spreading-evaporation balance-stage is observed, as shown in figure 8 . Because the flow visualization was conducted simultaneously with the measurements of the spreading and dynamic contact angle, the effects of thermocapillary convection in a volatile drop on the spreading process are clearly shown. 
CONCLUSIONS

